Abstract
Introduction
Seasonal influenza can cause a large number of hospitalizations and deaths every year [1] [2] [3] . Pandemic outbreaks of influenza cause an increase in influenza illness, as was observed during the 2009 H1N1 pandemic outbreak where 190 countries were affected and where there were approximately 4500 deaths attributable to the outbreak [4] . Despite recommendations for annual influenza vaccination, influenza continues to pose a threat to public health. This is particularly relevant to groups, such as the elderly, whose ability to mount a robust response to the vaccine is reduced, rendering them at higher risk for complications [5] .
Healthy children and adolescents appear to play an important role in the introduction and transmission of influenza into households and communities [6] . School-based trials and observational studies suggest that immunization of school-aged children may reduce the transmission of influenza [7] [8] [9] [10] [11] [12] [13] . There is-some evidence to suggest that vaccinating healthy children may lead to herd protection, where those who are not vaccinated may benefit [14, 15] .
We conducted a cluster randomized trial in Canadian Hutterite communities in the 2008-2009 influenza season to assess the potential herd effect of giving healthy children and adolescents inactivated influenza vaccine [15] . We demonstrated a 60% herd protection from vaccinating children, that is, unimmunized participants were protected at a level similar to that provided to those who had been directly vaccinated [16] . This study was reported early because of the start of the 2009 pandemic. In this report, we describe the effect of vaccinating children during two additional influenza seasons, 2009-2010 and 2010-2011.
Method

Study design and participants
The design and results of the Hutterite community randomized trial for Season 1 (2008 Season 1 ( -2009 have been published previously [15] . In brief, we conducted a blinded cluster randomized controlled trial involving 49 Hutterite colonies in Alberta, Saskatchewan, and Manitoba. Study participants were categorized into two groups: healthy children and adolescents (i.e. who were eligible to be immunized for the study vaccines), and vaccine nonrecipients. Healthy children and adolescents were defined as those aged 36 months to 15 years, and without any underlying chronic conditions. These exclusion criteria included anaphylactic reaction to a previous dose of influenza vaccine; anaphylactic reaction to hepatitis A vaccine; and individuals with more than one condition that required medical follow-up or hospitalizations, such as: chronic heart or lung conditions, metabolic disorders, chronic kidney disease, compromised immune system, and conditions that compromise respiratory function. Children aged 6-23 months were not offered study vaccine as they were recommended by public health for routine publicly funded influenza vaccination. The rest of the participants were classified into vaccine nonrecipients.
Hutterite colonies were randomly assigned to influenza vaccinated group or hepatitis A vaccinated group by an independent statistician. The randomization was performed once at the beginning of the study for the colonies participating the following years, while new colonies were randomized when they were added to the study. Healthy children and adolescents in influenza vaccinated colonies were assigned to receive the recommended influenza vaccine. Healthy children and adolescents in hepatitis A vaccinated colonies were assigned to receive the hepatitis A vaccine in a manner that mimicked the influenza immunization schedule, in order to maintain blinding. Arrangements for shipment of vaccines were made by an intermediary clinical trials research organization that received the randomization code from the statistician.
Vaccinated children and nonrecipients of the study vaccine were assessed for signs and symptoms of influenza during the follow-up periods. The start date of the follow-up periods was defined by the start date of >1 laboratory-confirmed influenza case in 2 consecutive weeks from sentinel sites. The stop date of the follow-up periods was when no laboratory-confirmed influenza cases for 2 consecutive weeks on colonies in the health region. Surveillance was started at least 2 weeks after the last child in the health region's study colonies had been immunized. All study participants were assessed twice weekly by a research nurse using a standardized self-reported symptom or sign checklist, which was completed by a representative of a given family for all family members, and which was provided when the research nurse made a site visit. Nasopharyngeal specimens were obtained and information about the symptoms and their onset date were recorded when any of the participants reported new symptoms in the checklist. For more detailed information, refer to our previous report [15] .
In 
Ethics Approval
Our research protocol was approved by McMaster University Research Ethics Review Board. We obtained written informed consent from each participant at the start of each study year. Individuals aged 16 years and older signed by themselves. For enrollees aged 15 years and younger, a signature was provided on the consent form by a parent, guardian or family representative.
Outcomes
The primary outcome of the study was laboratory-confirmed influenza A and B in nonrecipients using a real-time reverse transcriptase polymerase chain reaction (RT-PCR) assay. Influenza was confirmed in participants-including those who did or did not receive the vaccinewith at least 2 symptoms (i.e., fever defined as temperature !38˚C, cough, nasal congestion, sore throat, headache, sinus problems, muscle aches, fatigue, ear ache or infection, or chills) by detection of viral RNA in respiratory samples using the Centers for Disease Control and Prevention Human Influenza Virus Real-time RT-PCR Detection and Characterization Panel, which targets the matrix gene for influenza A and nonstructural gene for influenza B.
We also assessed antimicrobial prescriptions, influenza-like illness (defined as temperature ! 38.0˚Celsius and cough), medically attended visits for respiratory illness, school or work related absenteeism, emergency department visits, hospital admissions, and deaths [15] .
All vaccinated participants were observed for 15 minutes immediately after vaccination. Participants were also assessed for adverse events for five days following vaccination. Passive surveillance for adverse reactions to the vaccine was implemented throughout the study period.
Statistical analysis
We used a Cox proportional hazards regression model with robust sandwich variance estimates [20] to assess vaccine effectiveness for each season. In the Cox proportional hazards regression model, the start time was the surveillance start time for each season; the end time was symptom onset time for participants that had outcomes and surveillance end time for these who did not have outcome. During the three study periods, each specific outcome for a study participant within a season was only counted once to avoid lack of independence associated with counting multiple outcomes. For example, suppose a participant had been detected to have two episodes of H1N1 infection in Season 1, we just counted the first occurrence in the analysis in that season. All analyses adopted an intention-to-treat analysis plan and all original randomization treatment assignments were kept. Vaccine effectiveness was estimated using the hazard ratio (HR) [(1-HR)
Ã 100]. We assessed the overall vaccine effectiveness for multiple seasons through a nested frailty Cox proportional hazards regression model, with the consideration that most participants were enrolled in the study for more than one season [21, 22] .
For the secondary outcomes, we used generalized estimating equations to account for membership in the randomized clusters with the logit-link function for dichotomous variables [23] . To avoid lack of independence associated with counting multiple outcomes, each specific outcome within a season in a participant was only counted once in our analyses. Outcomes were analyzed on an intention-to-treat basis. All p values and 95% confidence intervals were calculated as two-sided. Differences with p< 0.05 were considered statistically significant. Statistical analyses were performed with R (version 3.2.2) software [24] . A data safety and monitoring board provided oversight.
Results
Participants
A total of 4,640 participants from 65 colonies were enrolled over the three seasons (Fig 1) . The results for Season 1 have been described previously [15] . In summary, 187 colonies in Alberta, Manitoba, and Saskatchewan were approached about the study. Of these, 46 participated in the study and 22 colonies were assigned to the influenza vaccinated group and 24 to the hepatitis A vaccinated group. In Season 2, one colony from the influenza vaccinated group (209 participants) and two from the hepatitis A vaccinated group (246 participants) chose not to reenroll, and 8 new colonies (482 participants) were assigned to the influenza vaccinated group and 8 new colonies (558 participants) assigned to the hepatitis A group. In Season 3, again one influenza vaccinated group colony (157 participants) and three hepatitis A vaccinated group colonies (249 participants) did not re-enroll; two new colonies (214 participants) were assigned to the influenza vaccinated group, and one new colony (188 participants) was assigned to the hepatitis A vaccinated group. The intention-to-treat analysis therefore included data from 65 colonies (32 influenza vaccinated group and 33 hepatitis A vaccinated group) and 4, 640 unique participants. Characteristics of the enrolled colonies and participants were similar between the two groups ( Table 1) . Because participants were re-enrolled each influenza season, the final analysis was based on the total number of participants enrolled in each season. There were 5,922 participant-seasons for the influenza vaccinated group (1,773 in Season 1, 2,046 in Season 2, 2,103 in Season 3). There were 5,063 participant-seasons for the hepatitis A vaccinated group (1,500 in Season 1, 1,812 in Season 2, 1,751 in Season 3). Over the three-year study period, the average study vaccine coverage among healthy children (vaccinated children/total number of healthy children aged 3 to 15 years enrolled) was 76.5% for the influenza vaccinated group colonies and 81.3% for the hepatitis A vaccinated group colonies. For Season 1 and Season 3 combined, the average study vaccine coverage among healthy 
Outcomes
Primary outcome-Vaccine protective effectiveness. Influenza A or B was detected in 172 (2.7%) persons in the influenza vaccinated group over the three years of the study compared to 263 (5.2%) persons in the hepatitis A vaccinated group (Table 2) . Of these, 85(1.5%) in the influenza vaccinated group and 186 (3.7%) in the hepatitis A vaccinated group were influenza A, while 87 (1.5%) were influenza B in the influenza vaccinated group compared to 79 (1.6%) in the hepatitis A vaccinated group. There were two persons in Season 3 detected with both influenza H3N2 and influenza B in the hepatitis A vaccinated group.
Of the 85 persons in whom influenza A was detected in the influenza vaccinated group, 2 (2.4%) were seasonal influenza H1N1 (from the first season); 33 (38.8%) were seasonal influenza H3N2 ( [19] .
In season 1, laboratory-confirmed influenza was detected in 125 nonrecipients: 45 (3.6%) in the colonies assigned to the influenza vaccine group (2 seasonal H1N1, 17 seasonal H3N2, 6 pH1N1, 4 unknown influenza A, and 16 influenza B by RT-PCR) and 80 (7.6%; 24 seasonal H1N1, 36 seasonal H3N2, and 24 influenza B by RT-PCR) in colonies assigned to hepatitis A. The level of indirect vaccine protective effectiveness among nonrecipients was 61% (95% CI, 7% to 83%; P = 0.03) ( Table 3 ). Table 4 shows the level of vaccine effectiveness among all study participants. This analysis excludes the 15 cases of 2009 pH1N1 in season 1. The level of vaccine protective effectiveness among all study participants was 59% (95% CI, 4% to 82%; P = 0.04 (Table 4) .
In season 2, we detected 54 laboratory-confirmed influenza cases in the entire study population (Table 3) : 30 (1.5%) in the colonies assigned to influenza immunization and 24 (1.3%) in colonies assigned to hepatitis A, and all of them were 2009 H1N1. Of the 54 cases, 29 were nonrecipients (Table 2): 18 (1.2%) in the colonies assigned to influenza immunization and 11 (0.9%) in colonies assigned to hepatitis A. The vaccine had no indirect protective effectiveness: -38% (95% CI, -574% to 72%; P = 0.69).The vaccine also had no protective effectiveness among all study participants: -11% (95% CI, -447% to 78%; P = 0.90).
In season 3, laboratory-confirmed influenza was detected in 70 nonrecipients (Table 3) : 29 (1.8%) in the colonies assigned to influenza vaccine group (7 H3N2, and 22 influenza B by RT-PCR) and 41 (3.3%; 34 H3N2, 2 unknown influenza A, and 5 influenza B by PCR) in colonies assigned to hepatitis A. The level of indirect vaccine protective effectiveness among nonrecipients was 44% (95% CI, -56% to 80%; P = 0.27) ( Table 3 ). The level of vaccine protective effectiveness among all study participants was 52% (95% CI, -32% to 83%; P = 0.16) ( Table 4) .
The pooled analysis through a nested frailty model that combined Season 1 and Season 3 (Season 2 was excluded due to the pandemic in this season) showed that the indirect protective effectiveness among nonrecipients was 60% (95% CI, 6% to 83%; P = 0.04) ( Table 3 ). The protective effectiveness among all study participants was 63% (95% CI, 6% to 83%; P = 0.04) ( Table 4 ). In order to maintain the nested data structure, the 32 individuals who changed colony during the study periods were excluded from the pooled analysis. Of these, 28 cases were originally from five influenza vaccinated colonies and four cases from three hepatitis A vaccinated colonies. One individual (31 years old) was infected by influenza A H3N2 in season 1 and one individual (38 years old) was infected by influenza B in season 3; both were from influenza vaccinated colonies. Further analysis suggested that the indirect protectiveness among nonrecipients varied for influenza A compared to influenza B. For influenza A, the indirect protective effectiveness for Season 1 and Season 3 combined was 77% (95% CI, 25% to 93%; P = 0.02) ( Table 3) . For influenza B, the protective effectiveness for Season 1 and Season 3 combined was -5% (95% CI, -272% to 71%; P = 0.95) ( Table 3) .
A similar pattern of difference was found among all study participants in the protectiveness against influenza A and influenza B. For influenza A, the protective effectiveness for Season 1 and Season 3 combined was 82% (95% CI, 43% to 95%; P = 0.00) ( Table 4) . For influenza B, the protective effectiveness was -28% (95% CI, -480% to 72%; P = 0.75) ( Table 4) . Abbreviations: CI confidence interval; RT-PCR, real-time polymerase chain reaction a The sum of Influenza A and Influenza B is greater than All Influenza when participants were co-infected with both Influenza A and Influenza B. All Influenza hazard ratios were calculated using the participants' first infection with influenza. b The denominator is a sum of individuals enrolled each year. The fact that an individual could contribute to more than one year was taken into account in the analysis using a nested frailty model. In the nested frailty model, individuals are nested within colonies. To maintain the nested data structure, individuals that changed colony during the study periods were excluded from the pooled analysis. There were 32 participants changed their colony during the study period. Of these, 28 cases were originally from five influenza vaccinated colonies and four cases from three hepatitis A vaccinated colonies. One individual (31 years old) was infected by influenza A H3N2 in season 1 and one individual (38 years old) was infected by influenza B in season 3. They both were from influenza vaccinated colonies. c A robust sandwich variance estimator was used with Cox proportional hazards to adjust for membership in the randomized colony.
This difference was also confirmed by the single season analyses in both seasons 1 and 3. In Season 1, for influenza A, the protective effectiveness was 69% (95% CI, -4% to 91%; P = 0.06) among nonrecipients (Table 3) and was 74% (95% CI, 4% to 93%; P = 0.04) among all study participants (Table 4) . For influenza B, the protective effectiveness was 34% (95% CI, -149% to 83%; P = 0.57) among nonrecipients (Table 3) and was 33% (95% CI, -169% to 83%; P = 0.54) among all study participants (Table 4) .
In Season 3, for influenza A, the protective effectiveness was 85% (95% CI, 48% to 96%; P < 0.01) among nonrecipients (Table 3 ) and was 89% (95% CI, 63% to 97%; P < 0.01) among all study participants (Table 4) . For influenza B, the protective effectiveness was -150% (95% CI, -828% to 33%; P = 0.17) among nonrecipients (Table 3) and -86% (95% CI, -748% to 59%; P = 0.42) among all study participants (Table 4) .
Secondary outcome. In a pooled analysis of season 1 and 3 combined, comparing the influenza group to the hepatitis A group in all participants, we found odds ratios for influenzalike illness of 0.57 (95%CI: 0.33 to 0.99, P = 0.05), antimicrobial prescriptions 0.66 (95%CI: 0.43 to 1.01, P = 0.06), medically attended visits for respiratory illness 0.69 (95%CI: 0.47 to 1.03, P = 0.07), emergency department visits, 1.04 (95%CI: 0.33 to 3.3, P = 0.95), and school or work related absenteeism 0.65 (95%CI: 0.41 to 1.04, P = 0.07) ( Table 5) .
In a pooled analysis of the three seasons, comparing the influenza group to the hepatitis A group in all participants, we found odds ratios for influenza-like illness of 0.70 (95%CI: 0.43 to 1.12, P = 0.14), antimicrobial prescriptions 0.69(95%CI: 0.49 to 0.98, P = 0.04), medically attended visits for respiratory illness 0.77(95%CI: 0.55 to 1.08, P = 0.13), emergency department visits, 0.85 (95%CI: 0.3 to 2.4, P = 0.76), and school or work related absenteeism 0.68 (95%CI: 0.43 to 1.06, P = 0.09) ( Table 5) .
There were no significant differences in these outcomes between groups in any of the study seasons (Table 5) .
Discussion
The pooled analysis from seasons 1 and 3 of this trial demonstrates that immunization of children and adolescents with trivalent inactivated influenza vaccine offers significant herd protection from laboratory-confirmed influenza among vaccine nonrecipients; moreover the effect sizes were similar for both seasons among both nonrecipients and the entire study population (61% vs. 44%; 59% vs. 52% respectively).
Further analysis for influenza A and influenza B for pooled data of seasons 1 and 3 suggests that this protection was effective for influenza A, but not influenza B due to the differences in lineage between the influenza B vaccine and the circulating strains [17, 19] . The indirect protective effectiveness estimates for influenza A among nonrecipients and among all participants were 77% and 82% respectively.
The single season analysis in Season 3 suggested that immunizing children with inactivated influenza vaccine did not have a statistically significant effect among either nonrecipients or all study participants, although these results were consistent with Season 1 in direction (44% vs. 61%, and 52% vs. 59% respectively). However, the results of our pooled analysis of Season 1 and 3 show the protection was statistically significant. The most likely explanation is the matching for influenza A and differences in lineage between influenza B antigens in the vaccine and circulating strains. [19] . For influenza A there was a good match between the recommended vaccines and circulating virus, and the results were significant in both nonrecipients (p<0.01) and in all participants (p<0.01); while, the results were not significant for influenza B.
The results presented above continue to show that the effects of the indirect protection of immunizing children and adolescents on study participants was substantial, especially when there was a good match between the vaccine and the circulating influenza strain. The substantial indirect protectiveness further offer scientific evidence about the ability of inducing herd immunity through vaccination.
Immunizing children in Hutterite colonies provides a unique opportunity to assess herd protection with inactivated influenza vaccines. In contrast to other observational studies [7, 9, 12, 13] and randomized trials [8, 10, 11, [25] [26] [27] , the contact networks characterized within Hutterite communities allows for the direct assessment of child-to-adult transmission and prevents the reintroduction of novel influenza strains. In addition, our trial extended over three seasonal periods, in order to account for the variation in influenza outbreaks and to determine consistency of effect. Through this trial, we were able to show that vaccinating children and adolescents with trivalent inactivated influenza vaccine could consistently provide unimmunized community members with a significant herd protection from laboratory-confirmed influenza.
We acknowledge the limitations in our study. First, the unique nature of the Hutterite communities may limit extrapolation of our findings to other communities. However, Hutterite communities do share some characteristics of other communities. For example, Hutterites are made up of single families each living in their own house; Hutterites shop in nearby towns for supplies and clothing not available on their colonies; Hutterite children attend school; and Hutterite families regularly socialize with friends and relatives. Although influenza transmission networks in Hutterite communities may be different from that in other communities, there are no data showing this with assurance. Second, we also acknowledge that the number of cases for subtypes of influenza A and influenza B are small with resulting wide confidence intervals. However, we did not power the study for these outcomes. The sample size was derived for influenza A and B together. Third, children aged 24 to 36 months did not receive the study vaccine. The effect size may have been greater had younger children been vaccinated along with those aged 3 to 15 years.
In conclusion, this report demonstrates further evidence of a community-based herd effect as a result of immunizing children against seasonal influenza. This vaccination strategy has the potential to provide a cost-effective method of reducing the burden of influenza-. 
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